Zinc Oxide (ZnO) nanoparticles were created by a top-down wet-chemistry synthesis process (ZnO-A) and then coated with polyvinyl-alcohol (PVA) (ZnO-U). In ZnO-U, strong UV emission was apparent while the parasitic green emission, which normally appears in ZnO suspensions, was suppressed. A standard lift-off process via e-beam lithography was used to fabricate a detector by evaporating Aluminum (Al) as ohmic electrodes on the ZnO nanoparticle film. Photoconductivity experiments showed that linear current-voltage response were achieved and the ZnO-U nanoparticles based detector had a ratio of UV photo-generated current more than 5 times better than that of the ZnO-A based detector. In addition, non-linear current-voltage responses were observed when interdigitated finger Gold (Au) contacts were deposited on ZnO-U. The UV generated current to dark current ratios were between 4 and 7 orders of magnitude, showing better performance than the photodetector with Al contacts. ZnO-U were also deposited on Gallium Nitride (GaN) and Aluminum Gallium Nitride (AlGaN) substrates to create spectrally selective photodetectors. The responsivity of detector based on AlGaN is twice that of commercial UV enhanced Silicon photodiodes. These results confirmed that ZnO nanoparticles coating with PVA is a good material for small-signal, visible blind, and wavelength selective UV detection.
Introduction
Zinc oxide (ZnO) is the emerging alternative semiconductor material to Gallium Nitride (GaN) for optoelectronic applications 1 . Its properties are close to that of GaN material with the additional advantages of lower cost, large-area native substrates, low temperature growth, and an exciton binding energy (60 meV) twice that of GaN (28 meV) [2] [3] [4] [5] [6] . The band gap of ZnO (~3.2-3.4 eV) is ideal for light-emitting diodes (LEDs), laser diodes, and photodetectors in the ultraviolet (UV) wavelength range. Its primary hindrance from greater prevalence is the lack of a stable and reproducible p-type material although current research with promising results have rejuvenated overall research interest 7 .
Semiconductor photodetectors convert incident light within a range of wavelengths into detectable current based on their material properties. This wavelength range is tuned by the bandgap of the material. Currently, light detection in the blue/UV region is facilitated by Silicon (Si) photodetectors. At room temperature, the bandgap energy of Si (1.2 eV) is far below ideal for detection in the blue/UV region, which greatly reduces responsivity. Wider bandgap materials, including ZnO and AlGaN/GaN, are better matched in energy from the UV to blue wavelength region, resulting in an overall increase in photosensitivity to UV relative to Si. The efficiency and sensitivity of the conversion of incident radiation to current is dominated by limitations of area, light coupling, and wavelength specificity. Currently, many nanostructures of ZnO have been studied extensively due to their quantum confinement effects which correspond to continuous tuning of the spectral wavelength and improved device performance [8] [9] [10] [11] [12] [13] [14] [15] [16] . Low cost, large area, wavelength tunable, ultraviolet photodetectors are possible with the inherent properties of ZnO nanoparticles.
ZnO Background
The first studies of ZnO as a semiconductor material began in 1935 by C.W. Bunn with an investigation of lattice parameters. ZnO has three kinds of crystal structures, rocksalt, zinc blende and wurtzite, which are shown in Figure 1 . In ambient conditions, the wurtzite structure is thermodynamically stable, so it is the most common structure of ZnO. ZnO nanomaterials have been studied for the benefits associated with quantum confinement including reduced dark noise, increased absorption efficiency and the potential for large area and lower cost devices. The nanostructures, however; often exhibit a strong, parasitic green photoluminescence caused by excess Zn 2+ ions and oxygen deficiency 10, 14, 15, 17 . Solutions to these problems include developing effective surface modification, annealing treatment and producing stable ZnO QDs that are unagglomerated, highly crystalline, and monodisperse [18] [19] [20] [21] [22] . The ability to create reproducible Ohmic or Schottky contacts is also associated with oxygen vacancies 23 .
These vacancies often dominate which tend to pin the ZnO Fermi level to the defect level, hindering the expected barrier producing relationship between the contact metal and semiconductor.
The following sections will summarize and compare device results from bottom-up nanoparticle growth methods and an inexpensive alternative; the top down wet chemical etch method. The latter method addresses the issues associated with defect levels that often hinder performance.
Top-Down Wet-Chemistry ZnO Nanoparticle based UV Photodetectors
Wet chemical synthesis is both inexpensive and simple. Much of the wet-chemistry research can be classified as bottom-up synthesis. They are based on a range of precursors and synthesis conditions, such as temperature, time, and concentration of reactants, leading to different sizes and geometries of the resulting particles. However, several significant challenges remain, including difficulty in preparation of a stable dispersion, poor uniformity in the coating process, and poor conductivity of the ZnO layers.
The top-down approach was first reported by Sharma et al. in which bulk ZnO material was reduced to generate controllable and stable dispersions of ZnO nanoparticles through wet-chemistry 24 . This method enables an additional surface coating step with relative ease and uniformity. To investigate the effects of surface coating, the nanoparticles were coated with polyvinyl alcohol (PVA) (ZnO-U) and compared to uncoated ZnO nanoparticles (ZnO-A) produced by the same process. Figure 2 is a high resolution SEM image of PVA coated ZnO. The sizes range from 10 nm to 150 nm with an average value of 80 nm. The uncoated ZnO have a similar result.
Parasitic green photoluminescence reduction and enhanced UV absorption
Typical photoluminescence results of ZnO include UV emission centered near 380 nm and a dominant parasitic green emission peak. Gong et al. investigated the optical properties of ZnO spherical nanoparticles prepared by bottom-up synthesis by varying precursor mixtures, 1-D octadecene, triocylamine and trioctylphosphine, which modify the density of oxygen near the surfaces 25 . Borgohain and Mahammuni encapsulated ZnO nanoparticles with passivating agents such as polyvinyl prrolidone (PVP), propionic acid (PA) and tetra octyl ammonium bromide (TOAB) also grown through bottom-up methods 17 . The PVA coated top-down wet chemical etch produced nanoparticles derived from bulk ZnO 26 .
Both uncoated and PVA coated ZnO nanoparticles were spin-cast on quartz and measured by photoluminescence. Figure 3 demonstrates the effectiveness of PVA coating to suppress parasitic green emission associated with defects in the material by acting as a surface passivation layer. The deep level surface traps are responsible for hindering bandto-band recombination. PVA has a strong interaction with excess Zn 2+ ions during the top-down wet-chemistry process thereby reducing trapped carriers and enhancing the proportion of carriers contributing to band-to-band emission.
Photoconductive and Metal-Semiconductor-Metal (MSM) device response
Ohmic and Schottky contacts are ideally dependent upon the relative work functions of the contact metal and semiconductor. Metals for ohmic contacts with n-type ZnO include Aluminum (Al) and Indium (In) in addition to various metal combinations such as Titanium/Gold (Ti/Au), Aluminum/Platinum (Al/Pt) 27 . Candidates for Schottky contacts are Platinum (Pt), Gold (Au), Nickel (Ni), and Silver (Ag). Nevertheless, the surface defect states, residual surface contamination, and/or the interfacial gap between the metal and semiconductor often dominate creating some unpredictability in current-voltage (I-V) 
The depletion region narrows and photocurrent increases. Traps due to surface defects hinder the conducting mechanism.
To investigate the photoconductivity of ZnO nanoparticles and verify the effect of surface passivation, photodetectors based on ZnO-A and ZnO-U were made respectively. A schematic diagram of the detectors is shown in the inset of Figure 4 . The typical I-V plots of detectors with Al contacts above both ZnO-A and ZnO-U nanoparticle films in the dark and under 340 nm UV LED illumination with the same intensity (45.58mW/cm 2 ) are shown in Figure 4 . The linear I-V plots demonstrate photoconductive detectors based on ZnO nanoparticles. The contacts were made by depositing two irregular 100 nm Al contacts via e-beam lithography and standard lift-off process. These measurements were performed at room temperature in air. The UV photo-generated current to dark current Fig. 3 . Emission spectra of ZnO coated with PVA (U_Em) and uncoated (A_Em) dispersed in ethanol and then spin-cast on quartz. Strong UV emission peak at 377 nm from the band edge of emission. PVA coating nearly eliminates parasitic effect. The inset is the normalized spectra.
ratio (on/off ratio) in detector based on ZnO-A is about 9×10 3 when the bias is 20V, while for detector based on ZnO-U, the ratio is as high as 5×10 4 , more than 5 times of that based on ZnO-A. These results are due to the higher defect concentration in ZnO-A compared to ZnO-U. Most of the photo-generated carriers are trapped by the defects during their transport to the terminals. However, the dark currents of both detectors are about 100 pA at 20V bias, which did not change with the PVA coating. This indicates PVA does not change the conductivity of ZnO nanoparticles, but acts as an effective surface passivation material to improve the photosensitivity of ZnO nanoparticles. In comparison to ZnO thin film photodetectors, the dark current of the above nanoparticle based detectors are 3 orders of magnitude less than the thin film ZnO photodetectors [34] [35] [36] .
Jandow et al., Jiang et al. and Liu et al, demonstrated 1, 2, and 4 orders of magnitude between UV photogenerated current to dark current respectively [34] [35] [36] . 2 ), the UV generated current to dark current ratios were between 4 and 7 orders of magnitude. In contrast to detectors with Al contacts deposited by e-beam through shadow mask, the UV generated current surpassed 100 uA at 20V bias for most MSM detectors which is an improvement of two orders of magnitude, and the dark current is about one order higher. Au contacts deposited by optical lithography rather than through a shadow mask via e-beam lithography may have reduced distance between contacts, thus decreasing the recombination possibility, which results in a higher UV generated current to dark current ratio.
The photoresponse of the ZnO nanostructures are on the order of seconds or tens of seconds in literature. Jun et al. reported rise and decay times of 48s and 0.9s respectively for 20-150 nm solution processed nanoparticles 8 . Soci et al. reported rise and decay times of 23s and 33s respectively for 150-300 nm diameter nanowires created by chemical vapor deposition 33 . Kind et al. found 1s rise and decay times for 20-300 nm diameter nanowires 31 .
The time response results for PVA coated ZnO nanoparticles with irregular Al contacts are shown in Figure 6 . The samples were illuminated by a 340 nm LED with the intensity of 4.58mW/cm 2 . The results of 22s rise and 11s decay times are consistent with that of nanostructures with UV generated current to dark current ratios near the same order of magnitude. The rise and decay of the photocurrent is related to the adsorption of oxidizing molecules in ambient air and the time required for oxygen molecule diffusion. Similar measurements will be explored for the samples with Au MSM contact structures.
ZnO nanoparticles deposited on GaN-based substrates
Wavelength selective photodetctors in the UV range were created with PVA coated ZnO nanoparticles deposited on GaN and AlGaN epitaxial substrates grown by Sensor Electronic Technology Inc (SET Inc.). The spectral response of these detectors is shown in Figure 7 . When light penetrates the detector through the substrate or backside of the detector, a bandpass response related to the cut-off wavelength of substrate and ZnO nanoparticles is achieved. As shown in Figure 7 , the absorption cut-off wavelengths of AlGaN and GaN are 300nm and 360nm, respectively through engineered epitaxial layer growth. When the wavelength of the light is shorter than the cut-off wavelengths, the light is absorbed by the substrate material and electron and hole pairs are generated. The photogenerated carriers do not have a conduction path to the contacts that are deposited on ZnO nanoparticles, thus current is not generated. Wavelengths longer than the substrate cutoff, penetrates the substrate and reaches the ZnO active layer which forms a MSM photodetector. If the wavelength is longer than the cut-off wavelength of ZnO, the light is not absorbed by ZnO and current is not generated. This is a bandpass response. The expected normal short pass response is also shown in Figure 7 when the light penetrates from the front side. In this case, the calculated responsivity of the ZnO nanoparticle-AlGaN substrate device is 0.8A/W at 375nm, and the spectral response is twice that of a commercial Si UV enhanced photodetector measured in the same system. 
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Wavelength selective detectors can be tuned by the material properties of both the substrate and the nanoparticles.
Summary
ZnO is an emerging material for blue and UV optoelectronics. Its properties are similar to GaN materials but differ in its low cost, reduced lattice strain from layered deposition of its alloys, larger excitonic binding energy, and availability of large-area native substrates. However, its prevalence is hindered by the lack of a reliable and reproducible p-type material. ZnO nanostructures introduce benefits associated with quantum confinement including reduced dark noise, increased absorption efficiency and the potential for large area and lower cost devices. High quality nanoparticles were created with a top-down wet-chemical process and coated with PVA. As a result, parasitic green photoluminescence, caused by deep level surface traps, was nearly eliminated. PVA provides surface passivation by reducing the number of excess Zn 2+ ions. Photoconductive devices were created with both PVA coated and uncoated ZnO nanoparticles on quartz with Al contacts. A linear I-V response was achieved as expected. The PVA coated ZnO nanoparticles had a UV generated current to dark current ratio 5 times higher than the uncoated ZnO nanoparticles. The transient photoresponse from 340 nm LED excitation showed a rise and decay time of 22s and 11s respectively. These values are consistent with literature. Metal-semiconductor-metal devices were created by depositing Au interdigitated finger contacts through optical lithography. The UV generated current to dark ratio increased to seven orders of magnitude. Finally, wavelength selective devices were created by depositing PVA coated ZnO nanoparticles on epitazially grown AlGaN and GaN substrates. The absorption cutoff of AlGaN (300 nm) and GaN (360 nm) created a bandpass response when illuminated from through the substrate or backside of the detector. The responsivity of the device with an AlGaN substrate was 0.8 A/W at 375 nm twice that of a commercial UV enhanced Si photodetector. These results indicate that PVA coating of ZnO nanoparticles during top-down wet-chemistry synthesis could be applied in creating low cost, sensitive, visible blind, and wavelength selective UV photodetectors.
